Artificial mechanical ventilation represents a major cause of iatrogenic lung damage in intensive care. It is largely unknown which mediators, if any, contribute to the onset of such complications. We investigated whether stress caused by artificial mechanical ventilation leads to induction, synthesis, and release of cytokines or eicosanoids from lung tissue. We used the isolated perfused and ventilated mouse lung where frequent perfusate sampling allows determination of mediator release into the perfusate. Hyperventilation was executed with either negative (NPV) or positive pressure ventilation (PPV) at a transpulmonary pressure that was increased 2. Artificial mechanical ventilation as used to improve oxygenation of patients with impaired lung functions imposes mechanical stress on the lung. Such support measures might eventually cause ventilator-induced lung injury, which includes edema, pneumothorax and rupture of alveolar walls. Ventilator-induced lung injury occurs in 0.5-38% of all mechanically ventilated patients (1) and in up to 83% of those with underlying chronic lung disease (2). The additional mortality rate of patients who develop ventilator-induced lung injury as a complication of mechanical ventilation is as high as 13-35% (2).
Artificial mechanical ventilation as used to improve oxygenation of patients with impaired lung functions imposes mechanical stress on the lung. Such support measures might eventually cause ventilator-induced lung injury, which includes edema, pneumothorax and rupture of alveolar walls. Ventilator-induced lung injury occurs in 0.5-38% of all mechanically ventilated patients (1) and in up to 83% of those with underlying chronic lung disease (2) . The additional mortality rate of patients who develop ventilator-induced lung injury as a complication of mechanical ventilation is as high as 13-35% (2) .
A number of factors including pressure, volume, and shear forces have been implicated in the development of barotrauma. However, the interactions between mechanical stress elicited by artificial ventilation and mediator release have rarely been investigated before. Eicosanoids, such as prostacyclin or thromboxane, and cytokines, such as tumor necrosis factor ␣ (TNF ␣ ) or interleukin-6 (IL-6), can be synthesized and released by lung cells. Such proinflammatory mediators represent potential candidates of initiating or promoting ventilator-induced lung injury, because they could elicit inflammatory responses in the absence of any infection.
In order to investigate whether mechanical stress caused by artificial mechanical ventilation induces the synthesis and release of cytokines or eicosanoids from lung tissue, we developed the model of the isolated perfused and ventilated mouse lung. This set-up allows experimenters to ( 1 ) measure physiological lung functions, ( 2 ) change the ventilation mode between positive and negative pressure ventilation, and ( 3 ) collect perfusate samples and tissue specimens within the same experiment. The species mouse was chosen because of the preferential availability of tools for measurement of cytokines of interest.
METHODS

Isolated, Perfused and Ventilated Mouse Lung
Apparatus. A water-jacketed (water temperature, 37 Њ C) perspex chamber was constructed to accommodate surgery, perfusion and ventilation of murine lungs. Most components of the apparatus were developed and produced in collaboration with Hugo Sachs Elektronik (March-Hugstetten, Germany). The working model of our experimental set-up is diagrammatically shown in Figure 1 . The chamber was positioned to a slope of about 20 degrees out of the horizontal axis, so that the top of the lungs was about 1 cm above the bottom of the chamber.
Ventilation. For ventilation of the lungs with either positive or negative pressure a rotary vane compressor pump (VCM; Hugo Sachs Elektronik) was used. For positive pressure ventilation (PPV) a tube was connected to the trachea; switching a valve allowed us to change airflow direction through a venturi gauge and thereby to transform positive pump pressure into negative (with respect to the ambient atmosphere) chamber pressure (negative pressure ventilation, NPV). The venturi gauge was mounted within the chamber. Depending on the experimental design, end-expiratory, end-inspiratory and deep breath pressures were pre-set. Regular deep breaths (sighs) are common in vivo and help to prevent atelectasis. Breathing frequency was 90/min, inspiration time was 50% of each breathing cycle. The gas delivered by the ventilator was humidified by a frit. The frit and a pneumotachometer were positioned directly proximal to the tracheal cannula.
Perfusion. Lungs were perfused in a nonrecirculating manner with constant flow (generated by a peristaltic pump, Ismatec MS Reglo) at 1 ml/min, which corresponds to approximately 8% of the usual cardiac output of mice (3) .
A tygon tubing (inside diameter, 0.79 mm) led from the pump to the pulmonary artery cannula. Inside the warmed artificial thorax chamber the buffer was warmed by coiling the tubing around a cylinder. A bubble trap (tygon tubing: length, 0.5 cm; inside diameter, 0.25 cm) was placed directly before the pulmonary artery cannula. Another section of tygon tubing led directly from the outside of the chamber into the bubble trap to allow bolus infusions. A special pulmonary artery catheter made of stainless steel was used to avoid collapsing of vessel walls. Perfusate samples were drawn directly from the venous effluate cannula via a tubing connected to a syringe outside of the chamber. After leaving the chamber the effluate was directed into a pressure equilibration chamber, which in case of NPV was connected to the ventilation chamber. By this means, during NPV venous pressure follows pleural pressure, which has been suggested to be a most physiological way of perfusing isolated lungs (4, 5) , which also helps to minimize edema formation (6) . Because NPV and PPV have the same effect on interstitial pressure relative to pleural pressure (7), the pressure difference between interstitial and intravascular pressure (transmural pressure) is lower if the intravascular pressure is connected to chamber (pleural) and not atmospheric pressure.
Perfusion medium. RPMI 1640 cell culture medium (Biochrom, Berlin, Germany) was supplemented with 4% bovine serum albumin. In most experiments we used low endotoxin grade albumin (Serva, Heidelberg, Germany); however, in preliminary experiments we also used normal fraction V albumin (Serva). Values for osmolality of murine blood given in literature are in the range of 300-345 mOsm/kg for different mouse strains (8) . In Balb/c mice we determined an osmolality of murine serum of 343 Ϯ 10 mOsm/kg (n ϭ 3). Therefore, the osmolality of the perfusion medium was adjusted by addition of NaCl to 335-340 mOsm/kg. After addition of all components the medium was sterile filtered, using the ZapCap S 0,2 CA System (Schleicher & Schuell, Dassel, Germany) and stored at 4 Њ C. For perfusion purposes, the medium was heated to 37 Њ C.
Animals and surgery. Specific pathogen free female Balb/c mice (22-30 g ) from the animal house of our university were used as lung donors. Mice were anesthetized with 160 mg/kg body weight pentobarbital sodium (Nembutal; Wirtschaftsgenossenschaft Deutscher Tierärzte, Hannover, Germany). Subsequently, they were intubated and ventilated with 90 breaths/min room air with a tidal volume (V T ) of approximately 200 l. After laparotomy the diaphragm was removed. The animals were heparinized, exsanguinated and the abdomen was removed. A ligature was placed around the pulmonary artery and the aorta. The left atrium was cannulated, afterwards the arterial cannula was inserted into the pulmonary artery and fixed by the ligature. Lungs were perfused at an initial flow rate of 0.6 ml/min. Then, the thorax was removed and the chamber lid was closed. Negative pressure ventilation was started with chamber pressure oscillating between Ϫ 2 and Ϫ 10 cm H 2 O in order to achieve a V T of 200 l. The final perfusion rate was 1 ml/min. Every 5 min a deep breath ( Ϫ 20 cm H 2 O) was initiated automatically (TCM; Hugo Sachs Elektronik).
Data sampling and calculation of lung mechanics. Arterial perfusate pressure relative to the top of the lungs was continuously monitored with a pressure transducer (Isotec™; Quest Medical, Dallas, Figure 1 . Set-up of the isolated perfused mouse lung. The perfusion system is drawn in black, the ventilation system in gray. Water circulation system is marked by black waves. TX) directly connected to the bubble trap in front of the arterial cannula. Velocity of airflow was determined with a newly developed pneumotachometer (perspex, length between measuring points: 1.2 cm, inside diameter, 0.9 mm; resistance to airflow: 0.23 cm H 2 O · s/ml) connected to a differential pressure transducer (Validyne DP 45-14; Northridge, CA). During negative pressure ventilation pressure inside the ventilation chamber was measured with a differential pressure transducer (Validyne DP 45-24). All data were amplified (CFBA; Hugo Sachs Elektronik) and transferred to a computer. Data sampling at a frequency of 100 Hz started immediately after inserting the cannula into the trachea. Based on the formula P ϭ 1/C · V ϩ R L · dV/ dt, volume (V), airway resistance (R L ) and lung compliance (C) were calculated with commercially available software (PO-NE-MAH, Simsbury, CT). This software was also used for online-monitoring on the screen and saving of the data to different files.
Measurement of Mediators and Enzymes
Measurement in the perfusate. 6-keto-PGF 1 ␣ , the stable metabolite of prostacyclin, thromboxane B 2 (TXB 2 ), the stable metabolite of thromboxane A 2 , leukotriene B 4 (LTB 4 ), and prostaglandin E 2 (PGE 2 ) were measured by EIA (Cayman, Ann Arbor, MI) according to the supplier's instructions. GM-CSF was measured with a GM-CSF minikit purchased from Endogen (Boston, MA), IL-10 by murine IL-10 intertest from Genzyme (Cambridge, MA), murine soluble p55 and p75 receptor by mouse sTNF-R TWIN p55/p75 ELISA (HyCult Biotechnology b.v., Uden, The Netherlands). TNF ␣ , IL-6, IL-4, and interferon ␥ (IFN ␥ ) were measured by ELISA. Briefly, ELISAs were performed in flat-bottomed high-binding polystyrene microtiter plates (Greiner, Nürtingen, Germany), using specific rat anti-mouse monoclonal antibody pairs (biotinylated detecting mAb) that were purchased from Pharmingen (San Diego, CA). For detection of TNF ␣ , a protein G-plus-purified sheep anti-mouse TNF ␣ capture polyclonal Ab (protein solution 20 mg/ml) was used instead of the Pharmingen Ab. Streptavidin-peroxidase was from Jackson Immuno Research (West Grove, PA) and the peroxidase-chromogen BM blue (3,3 Ј -5,5 Ј tetramethylbenzidine) was from Boehringer Mannheim (Mannheim, Germany). If not stated otherwise in the supplier's manual, the standard curves were performed in a medium that was similar to the medium that was also used for perfusion, i.e., RPMI 1640, 10% fetal calf serum. The detection limits were (in pg/ml): 6-keto-PGF 1 ␣ 5, TXB 2 10, LTB 4 Lactate dehydrogenase (LDH) activity, as a marker for cell lysis, was measured according to Bergmeyer (9) .
RT-PCR for TNF ␣ and IL-6 mRNA. RNA was extracted from lung tissue as described (10) . Total cellular RNA (1 g) was reversetranscribed in a volume of 20 l using random primers and Moloney murine leukemia virus reverse transcriptase according to the supplier's recommendation (Gibco/BRL, Eggenheim, Germany). TNF ␣ and IL-6 specific mRNA was measured by PCR using a multispecific control fragment as internal standard as described (11) . In brief, known amounts of control fragment were added in different dilutions to unknown, fixed amounts of cDNA for competitive coamplification with specific primers (32 cycles). The proportion of PCR products amplified from control fragment and target cDNA was estimated after separation on 1.5% agarose gels measuring the intensity of ethidium bromide luminescence by a CCD image sensor and analyzed using the EASY program (Herolab, Wiesloch, Germany). For quantification, the various cDNA samples to be compared were normalized according to their actin cDNA content. Then, the relative concentration of TNF ␣ or IL-6 cDNA in each sample was estimated from the concentration of the control fragment which achieved equilibrium between its own amplification and that of TNF ␣ or IL-6 cDNA. The concentrations were expressed in arbitrary units (AU). One AU was defined as the lowest concentration of control fragment which yielded a detectable amplification product given the TNF ␣ (IL-6) primer pair and PCR conditions used. In Figure 6 these data are expressed as percent of the mean AU of the time matched NPV low lungs.
RT-PCR for COX-2 mRNA. Total RNA was isolated from lung tissue using the guanidinium thiocyanate method with acidic phenol (10) . Reverse transcription and PCR were performed as described recently (12) . Briefly, 1 g of total RNA was used for specific reverse transcription with Superscript reverse transcriptase (Gibco BRL) and
complementary to the 3 Ј -part of cyclooxygenase-2 was used for reverse transcription of the mRNA of this enzyme and for the internal control ␤ -actin the primer BAHR1 (5 Ј -CTAGAAGCATTTGCG-GTGGAC-3 Ј ) was used. After cDNA synthesis excess primers were removed and PCR amplification was performed using the cDNA template with the following primer pairs: for cyclooxygenase-2 PCOX2MR2 (5 Ј -ATCTAGTCTGGAGTGGGAGG-3 Ј ) and PCOX2F1 (5 Ј -AAT-GAGTACCGCAAACGCTT-3 Ј ) and for ␤ -actin BAHR1 and BAHF1 (5 Ј -CATCACCATTGGCAATGAGCG-3 Ј ). The reactions were cycled 32 times in a cycle profile of 30 s at 94 Њ C, 30 s at 56 Њ C and 30 s at 72 Њ C after a 5 min denaturing step at 95 Њ C. Samples were assayed at various dilutions to ensure proportionality in the yield of PCR products. Amplification products were analyzed by 2% agarose gel electrophoresis and ethidium bromide staining. No amplification products were found, when the reverse transcription was performed without specific primer or the PCR reaction without template. The identity of the fragments were evaluated by their molecular mass, restriction enzyme analysis or sequencing. The proportion of PCR products was estimated relative to the control fragment of ␤ -actin by measuring the intensity of ethidium bromide luminescence by a CCD image sensor in combination with the BIOPROFIL program (LTF, Wasserburg, Germany).
Experimental Design
In all experiments, lungs were ventilated in the NPV mode (negative chamber pressure) with moderate pressure (2 cm H 2 O end-expiratory transpulmonary pressure [P alveolar -P pleural ] to 10 cm H 2 O peak inspiratory transpulmonary pressure) for the first 60 min to obtain a baseline. Lungs whose tidal volume, pulmonary compliance, pulmonary resistance or pulmonary artery pressure did not become stable during this 60 min period were excluded from the study; accordingly four lungs were excluded from the present study (about 15%). After 60 min (at t ϭ 0 min in the graphs), four different treatments were executed at random: Group 1 NPV low : continuation of the moderate NPV ventilation resulting in 200 l V T ; Group 2 PPV low : 10 cm H 2 O peak transpulmonary inspiratory pressure by application of positive pressure ventilation; Group 3 NPV high : 25 cm H 2 O peak transpulmonary inspiratory pressure by application of negative chamber pressure; Group 4 PPV high : 25 cm H 2 O peak transpulmonary inspiratory pressure by application of positive pressure ventilation. Under all conditions a similar degree of end-expiratory transpulmonary pressure, i.e., 2 cm H 2 O, was maintained. All experiments were monitored for an additional 150 min. Perfusate samples were taken every ten minutes and stored at Ϫ 20 Њ C. At the end of the experiment, small pieces of the lung parenchyma were used for RNA extraction, while others were immersed in 4% formaldehyde, dehydrated through a graded series of alcohol, embedded in paraffin and counterstained by hematoxylin/eosin.
When assessing 10 different mediators by t test or ANOVA there is a just-by-chance possibility of 40% (1-0.95 n , n ϭ 10) that for one of them there is a significant effect (p Ͻ 0.05) of hyperventilation on mediator release. Therefore, the search for mediators that are released during hyperventilation was performed in two stages. In the first exploratory part we examined a broad spectrum of cytokines in order to form a hypothesis. In the second confirmatory part, this hypothesis was explicitly tested. It is emphasized that the data shown in Figure 3 and Figure 5 include the experimental data sets from both the exploratory (n ϭ 4) and confirmatory (n ϭ 3) part of this study. Statistical tests were only performed on the confirmatory data.
Statistical Analysis
All data in the figures are given as mean Ϯ SEM, whereas data in the tables and in the text are given as mean Ϯ SD. In Figure 3 and Figure  5 the area under the curve (AUC) was calculated and subsequently the AUC data were analyzed by two-factor ANOVA with ventilation mode (PPV or NPV) and transpulmonary pressure (low or high) as the two factors. Values of p Ͻ 0.05 were considered statistically significant and the results are reported in Tables 1 and 2 . In Figure 6 the mRNA levels were calculated as percent of the mean of the NPV low control value at either 30 or 150 min. The standard errors shown in Figure 6 account for the error propagation that is necessary when di-viding by a mean with a standard error itself (13) . Differences versus NPV low were determined by Student Newman-Keuls test for multiple comparisons; values of p Ͻ 0.05 were considered statistically significant.
RESULTS
Characterization of the Isolated Perfused Mouse Lung
We developed a set-up for an isolated perfused mouse lung, which allowed us to measure physiological lung functions ( Figure 1 ) and to study induction, synthesis and release of different mediators, such as cytokines. After a 60-min period for stabilization under control conditions (NPV low ), we obtained the following physiological parameters: V T , 187 Ϯ 26 l; dynamic compliance (C dyn ), 0.022 Ϯ 0.004 ml/cm H 2 O; airway resistance, 0.45 Ϯ 0.14 cm H 2 O · s/ml; pulmonary artery pressure (PAP), 2.2 Ϯ 1.5 cm H 2 O.
Since we were interested in ventilation-induced release of mediators into the perfusate, we had to establish conditions in which under basal conditions only small amounts of mediators are produced. The most important factor in this respect was the composition of the perfusion medium. Figure 2 shows the effect of perfusion with two different buffers on the release of TNF␣. It can be seen that a buffer supplemented with standard albumin (concentration 4%) caused release of high amounts of TNF␣ into the perfusate. If low endotoxin grade albumin (4%) was used, only very low concentrations of TNF␣ were found.
Viability of control preparations was assessed as follows: (1) during four hours of perfusion and ventilation (NPV low ) no measurable release of LDH into the perfusate was found (data not shown). (2) Tidal volume and dynamic pulmonary compliance decreased constantly by approximately 12% per hour (Figure 3) , while airway resistance remained stable (not shown). Pulmonary artery pressure increased slightly with time ( Figure 3) . (3) By light microscopy, the lungs appeared undamaged. Most of the alveoli were slightly inflated and only small areas of noninflated alveoli were observed. No interstitial or alveolar edema were noted. In all groups, however, small amounts of edema around the larger vessels were found (not shown). Table 1 .
Hyperventilation
Initiation of hyperventilation by either NPV or PPV led to a sudden increase of VT to 459 Ϯ 59 l (Figure 3 ). During the following 150 min of hyperventilation VT decreased to 186 Ϯ 81 l, while C dyn decreased to 0.008 Ϯ 0.0042 ml/cm H 2 O, which is about 50% of the corresponding value of control lungs at the same time point (0.014 Ϯ 0.0054 ml/cm H 2 O). After switching from NPV low to either PPV low or PPV high , PAP increased by 6.9 Ϯ 1.1 cm H 2 O and 9.9 Ϯ 4.9 cm H 2 O, respectively. A small increase in PAP over time occurred regardless of the ventilation mode (Figure 3) . The statistical analysis of these data (Table 1) showed that transpulmonary pressure, i.e., hyperventilation, had a significant effect on VT, C dyn and PAP. There was no difference between NPV and PPV, except for PAP. No statistical interactions between ventilation mode and transpulmonary pressure were observed.
No LDH release into the perfusate was noted in any of the hyperventilated lungs. When such lungs from the hyperventilation groups were investigated by light microscopy (Figure 4) , no alveolar edema and no rupture of the alveoli were noted. In NPV high and PPV high ventilated lungs a marked inhomogeneity of inflation of the alveoli was observed. Areas with overdistended alveoli ( Figure 4B ) were found next to areas with slightly or noninflated alveoli ( Figure 4C ). The alveolar septa within these areas appeared slightly thickened ( Figure 4C ). No marked differences were seen between NPV high and PPV high ventilated lungs and alveolar septa were intact in all lungs ( Figure 4D ).
Mediator Release by Hyperventilation
Exploratory. To analyze possible effects of hyperventilation on the release of mediators from the lungs, we examined various mediators in the perfusate without predefined hypothesis. Only prostacyclin, TNF␣ and IL-6 were spontaneously released in detectable amounts into the perfusate. In contrast we found no detectable levels of IL-4, IL-10, interferon ␥, granulocyte-macrophage colony-stimulating factor, thromboxane, leukotriene B 4 and prostaglandin E 2 . During hyperventilation (NPV high or PPV high ) versus control groups (NPV low or PPV low ), the perfusate concentrations of TNF␣, IL-6 and prostacyclin increased. Under no condition were any of the other mediators detected in the perfusate during hyperventilation (data not shown). In this exploratory part of our study no statistics were calculated. Please note that the data can be expressed as either pg/ml or pg/min, because the lungs were perfused at 1 ml/ min in a nonrecirculating manner.
Confirmatory. In the confirmatory part of this study, we repeated the experiments of all four ventilation groups and measured only the three mediators prostacyclin, TNF␣ and IL-6 under the predefined hypothesis that hyperventilation increases the release of these mediators into the perfusate. Perfusate levels of prostacyclin, TNF␣ and IL-6 remained quite constant during the experiments for NPV low or PPV low , whereas there were increasing levels of the mediators during hyperventilation regardless of whether lungs were ventilated by positive (PPV high ) or negative pressure (NPV high ) ( Figure 5 ). These effects of hyperventilation on the release of mediators were significant, based on the area under the curve (Table 2) . No statistical interactions between ventilation mode and transpulmonary pressure were observed.
Since the bioactivity of TNF␣ may be influenced by soluble TNF␣ receptors, we examined the perfusate concentrations of the murine soluble p55 and p75 TNF␣ receptors. Soluble p55 TNF␣ receptors were not detected under any condition. Small concentrations of soluble p75 receptors were present before initiation of hyperventilation (33 Ϯ 18 pg/ml, n ϭ 7), but this value was not significantly (ANOVA) changed after 3 h of either normal ventilation (PPV low : 41 Ϯ 12, n ϭ 4) or hyperventilation (PPV high : 48 Ϯ 23, n ϭ 3).
Mediator Expression by Hyperventilation
Finally, we examined whether the enhanced release of prostacyclin, TNF␣ and IL-6 by hyperventilation was also reflected by an increased expression of mRNA. We measured the amounts of mRNA for TNF␣, IL-6 and cyclooxygenase-2, the enzyme that elaborates PGH 2 , the precursor of prostacyclin. Thirty and 150 min after the onset of hyperventilation we prepared tissue samples for PCR analysis from lungs of the NPV low group as control group and from both hyperventilation groups, NPV high and PPV high . Shown are the area under the curve (AUC) data for tidal volume (VT), dynamic compliance (C dyn ) and pulmonary artery pressure (PAP) that were calculated from the curves shown in Figure 3 . The data were analyzed by two-factor analysis of variance (ANOVA) with ventilation mode (i.e., PPV or NPV) and transpulmonary pressure (Ptp, i.e., low or high) as the two factors. The p values calculated in the ANOVA are given; p Ͻ 0.05 was considered significant. Since there were no interactions between the factors, multiple comparisons were not performed. Data are given as mean Ϯ SD, numbers in parentheses identify number of experiments. Please note that for technical reasons C dyn during PPV was only calculated in the confirmatory part of the study (n ϭ 3).
The message for TNF␣ was up-regulated 30 min but not 150 min after the onset of hyperventilation (Figure 6 ), whereas IL-6 mRNA increased after 150 min ( Figure 6 ). No change in COX-2 mRNA expression was observed.
DISCUSSION
Here we show that artificial mechanical ventilation leads to induction, synthesis and release of cytokines and eicosanoids from lung tissue. Since an experimental approach in vivo is limited by the small blood volume of about 2 ml per mouse as well as by the short half-life of circulating mediators, we chose the isolated perfused mouse lung to study this subject.
The Model of the Isolated Perfused Mouse Lung
Perfusion of murine lungs has only rarely been reported and was restricted mostly to toxicological investigations (e.g., ref. 14). Hitherto, ventilation and measurement of lung mechanics has not been reported in isolated mouse lungs. The set-up for the isolated perfused lung of the species mouse is an expansion of the one we have previously described in detail for the isolated perfused rat lung (15) . Major differences between the two set-ups are: (1) The murine lungs are not removed from the thorax cavity, but instead the whole animal is placed in the pressure chamber with an open chest. To avoid accumulation of water in the trachea this chamber is bent in a slightly sloping fashion. (2) Lungs are perfused at a constant flow rate of 1 ml/min. Though this represents only a small fraction of the normal cardiac output of mice (3), we chose this flow rate for mainly two reasons: to avoid high perfusate pressures during PPV high and to increase the concentration of metabolites secreted into the perfusate. (3) Like in rat lungs, in order to avoid interactions between blood-derived leukocytes and lung tissue we utilized a blood-free perfusion medium supplemented with albumin. To minimize release of TNF␣ (and also IL-6 and prostacyclin) we had to use low-endotoxin containing albumin (Figure 2) . (4) When designing a lung perfusion system the following general considerations are of importance with respect to PPV and NPV (4, 5) . With natural inspiration, the pulmonary artery pressure rises relative to pleural pressure and hence also to alveolar pressure. This relationship is maintained during NPV but not during PPV. On the other hand, in vivo left atrial pressure falls with pleural pressure as during PPV. However, in most negative pressure ventilation set-ups an artificially high venous pressure is created. This happens because the extravascular pressure is largely determined by the negative chamber pressure, whereas the intravascular pressure is connected to the ambient air. Such a set-up leads to high transmural pressures and favors edema formation (6). To circumvent this problem, an equilibration chamber (Figure 1 ) may be used that adds the oscillating chamber pressure onto the venous outflow pressure. Although we have not systematically investigated this subject, orientating experiments suggested that the presence of this chamber helps to minimize edema formation in our model.
The functional integrity of the perfused mouse lungs used in this study is demonstrated by the following facts: (1) Lung mechanics and perfusate pressure changed only moderately during 4 h of perfusion and ventilation. While pulmonary resistance remained nearly stable during this time, tidal volume and dynamic pulmonary compliance decreased by 12% per hour. This figure compares fairly well to our experience with perfused rat lungs, where we noted a decrease in compliance of 4-8% per hour (15) . The reason for this decline is unknown, but may be related to exhaustion of the intracellular surfactant stores, possibly as a result of the regular deep breaths (16) . These regular deep breaths, however, are habitual in vivo and are necessary in perfused lungs to prevent atelectasis. (2) In histological sections, the lung structure appeared to be intact and no gross edema formation was observed. However, perivascular edema was detected around the big vessels, an observation that was also made in perfused rat lungs (16) . (3) During NPV with a tidal volume of 200 l typical for an anesthetized mouse, the spontaneous release of cytokines or eicosanoids into the perfusate was very low (Figures 2 and 5) . The constant low release of the early cytokine TNF␣ from control lungs suggests that the lungs were neither infected nor primed by exposure to pyrogens such as endotoxin. Table 2 .
Our data with the low endotoxin versus usual albumin supplemented buffer support this interpretation. These findings demonstrate the suitability of our experimental setting to study the relationship between the respiratory system and mediators of the immune system.
Physiological Alterations during Hyperventilation
Perfusion and ventilation of lungs can occur under three paradigmatic conditions, referred to as Zone 1 to Zone 3, where flow rate depends on the relative magnitude of pulmonary artery, alveolar and pulmonary vein pressure. Of these three parameters we know only PAP from direct measurements. Alveolar pressure can be estimated from tracheal pressure, which in case of homogenous inflation is a good estimator of mean alveolar pressure (17) . Venous pressure was not measured, but can be inferred by taking into account the height of the venous outflow (which was 1 cm above the hilum of the lung) and, in the case of NPV, also the chamber pressure (which by the equilibration chamber was added to the venous pressure for the reasons outlined above). From these considerations the following mean pressures were derived (in cm H 2 O): NPV low , 2 (PAP) Ͼ 0 (alveolar pressure) Ͼ Ϫ4 (pulmonary venous pressure); NPV high , 1 Ͼ 0 Ͼ Ϫ11; PPV low , 15 Ͼ 5 Ͼ 1; PPV high , 17 Ͼ 11 Ͼ 1. Therefore, all our lungs were in Zone 2 (PAP Ͼ alveolar pressure Ͼ venous pressure). Thus, our conditions approach the clinical situation during mechanical ventilation by PPV, which as a result of the elevated alveolar pressure increases the amount of lung in Zone 2 (18) . The changes observed in pulmonary artery pressure after initiation of hyperventilation have been described before (4, 5) , although most studies were performed under conditions of static inflation. Performing hyperventilation in Zone 2 lungs during PPV raises alveolar pressure and as a consequence of this the alveolar capillaries are compressed which in turn increases vascular resistance. In Zone 2 lungs during NPV, mean alveolar pressure during hyperventilation remains unchanged, and expanding the lungs increases the transmural pressure on extraalveolar and corner vessels, which finally results in diminished vascular resistance (19) . Moreover, it is important to realize that as a consequence of the so-called waterfall phenomenon, under Zone 2 conditions the driving pressure for flow is independent of the venous pressure (4, 5) .
Hyperventilation-induced Mediator Release
During ventilation at low tidal volumes, only small amounts of prostacyclin, TNF␣ or IL-6 were found in the perfusate of perfused mouse lungs. However, during hyperventilation pulmonary production of PGI, TNF␣ and IL-6 was markedly increased. As judged by light microscopy, the mechanical stress applied by hyperventilation caused no gross physical damage to the lung tissue. This finding was important in so far as physical stress such as surgery, massaging the lung or stirring of chopped lung tissue may cause release of PGI or IL-6 (20) (21) (22) . Thus the absence of overt physical damage suggests that mechanisms other than tissue destruction must account for the release of mediators caused by hyperventilation. We noted, however, that continuous ventilation with elevated pressures caused formation of mild interstitial edema. We cannot decide whether this is responsible for the decline in tidal volume over time in these lungs. Since it is known that even brief periods of hyperventilation elicit surfactant releases into the alveolar space (23), one alternative possible explanation is that continued hyperventilation may exhaust the alveolar surfactant system (24) . Another possibility, that does not exclude the other two possibilities, would be derecruitment of lung tissue; in view of the inhomogenous inflation of lung tissue this seems clearly possible.
The amount of mediator release was not different between hyperventilation during NPV or PPV. This was not surprising since at a given tidal volume (which was similar in both modes) the transpulmonary pressure difference must be independent of the ventilation mode. Interestingly, even though hyperinflation caused by NPV or PPV had opposite effects on pulmonary artery pressure, it still produced the same pattern of mediator release. We believe that this is an important observation, because it allows exclusion of changes in perfusion pressure as the cause for the mediator release. In line with this, others have shown that only changes in perfusate flow, but not in perfusate pressure or pulsatility increase PGI levels in perfused lungs (25, 26) . This is in agreement with the present data where switching from NPV low to PPV low increased perfu- Shown are the area under the curve (AUC) data for TNF␣, IL-6 and 6-keto-PGF 1␣ that were calculated from the curves shown in Figure 5 (confirmatory). The data were analyzed by two-factor analysis of variance (ANOVA) with ventilation mode (i.e., PPV or NPV) and transpulmonary pressure (Ptp, i.e., low or high) as the two factors. The p values calculated in the ANOVA are given; p Ͻ 0.05 was considered significant. Since there were no interactions between the factors, multiple comparisons were not performed. Data are given as mean Ϯ SD, n ϭ 3.
sion pressure, while the PGI concentration remained unaffected.
Our current hypothesis to explain the hyperventilationinduced mediator release is that it is caused by the overdistension of lungs. Overdistension may lead to activation of stretchactivated ion channels. Such channels have been described in epithelial cells (27) , endothelial cells (28) and alveolar macrophages (29) . Human alveolar macrophages, i.e., a source of TNF␣, contain a stretch-sensitive potassium channel (29) . TNF␣ derived from alveolar macrophages may then activate alveolar type II cells to produce IL-6 (30). Alternatively, since many forms of stress elicit IL-6 production, stretching itself may be the stimulus for IL-6 release. A further alternative is that hyperinflated lungs become partly atelectatic (suggested by the histology as well as the decline in tidal volume in hyperventilated lungs); this could increase shear stress (31) which in turn might elicit IL-6 release. The additional findings that not only the protein but also the message for TNF␣ and IL-6 were elevated at 30 and 150 min respectively, suggest that induction/ stabilization of mRNA may be involved in the hyperventilation-induced release of cytokines from lung tissue.
The source of prostacyclin is also unknown, but stretching of fetal rat lung cultures (20) and of cultured endothelial cells (32) resulted in prostacyclin production, which again may be related to activation of ion channels (28) . Prostacyclin was produced almost instantly after switching from low to high volume ventilation, which is unlikely for an enzyme induction mechanism. In line with this, we did not find induction of cyclooxygenase-2 mRNA in lung tissue. A rapid release of prostacyclin in response to hyperventilation is in line with previous findings (33) . Ventilation at birth is a known stimulus for PGI release into the pulmonary vein (34) . Also, ventilation of perfused rat lungs at higher frequencies increased release of PGI into the perfusate (35) . Ventilation-induced release of pulmonary PGI may have clinical implications, since the systemic hypotension complicating mechanical hyperventilation is attributable in large measure to the release of vasodilator agents (33) .
In the present study we have not checked for the bioactivity of TNF␣, IL-6, or prostacyclin. However, we found no increase in the concentration of soluble TNF␣ receptors that may reduce TNF␣ bioactivity. For IL-6 no endogenous inactivator is known; the soluble IL-6 receptor appears to be rather activating than inactivating (36) . Also, for prostacyclin no endogenous inhibitor is known; however, it is an unstable compound that quickly forms 6-keto-PGF 1␣ . Taken together, at present we have no reason to believe that either of the mediators released by hyperventilation was not bioactive.
In intensive care, artificial ventilation is used in order to maintain adequate blood oxygenation. This requires frequent ventilation with high pressures. High pressure will cause opening of collapsed and atelectatic, but also overdistension of compliant lung areas (37) . Such overdistension creates a condition similar to ventilation of certain lung areas with higher volumes, analogous to the experimental system described in the present study. Extrapolated to the clinical situation, the following pulmonary and systemic consequences may arise: In the lung, release of TNF␣ may promote inflammatory responses, e.g., accumulation of neutrophils. Release of mediators such as TNF␣, IL-6 and prostacyclin into the circulation may cause vasodilatation, systemic hypotension and a systemic inflammatory response including fever even before pulmonary lesions can be recognized. In fact, it is a frequent observation that in ventilated patients such responses occur without signs of infection, e.g., positive blood cultures (38) . When extrapolating the present data to the clinical situation, however, caution should be exercised, since obviously various differences between our model and the in vivo situation exist, such as species differences, the absence of innervation, artificial buffer instead of blood or the absence of an underlying lung disease. Therefore, it will be important to investigate the clinical consequences of mediator release during artificial ventilation and to find out whether it contributes to the development of the inflammatory response syndrome.
